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) SUMMARY

A CCp waveguide laser was coupling-modulated with the heip of an intracavity
electro-optic polarization switch. Linear FM-modulation was achieved by sweeping
the drive frequency from 100 to 500 MHz in linear fashion. The optical beam coupled
from the resonator represented a suppressed-carrier-double-sideband-modulated signal.
The sidebands are chirped in opposite spectral directions as the modulation is swept
through the chirp range. By placing the optical carrier in the wing of the P(20)

gain profile, only one sideband chirps through the range of interest, the other falls
outside the gain profile.

This experiment represents a further important stepr towards the contract goal to
obtain fast linear FM-modulation centered on the P(20) line profile. The resonator
length and the pressure of the active gas (i.e., the gain-bandwidth) are chosen such
that only two axial optical modes exist within the active range of the gain profile.
Fine adjustment of the resonator length is employed to tune these two modes to &
symmetrical position relative to the gain profile. One resonator mirror is replaced
by a combination of a semitransparent mirror and a diffraction grating in Littrow
alignment. The grating provides a coarse frsquency discrimination selecting the
desired molecular transition. Furthermore, together with the semitransparent element,
the grating forms an interferometer whose effective reflectivity varies on a fine
scale in accordance with the cheracteristic of a Fabry-Perot filter which is tuned to
yield a minimum of reflection at one of the two axial resonances of the main resonator,
thus suppressing that mode.

If the frequency excursion of the sidebands is sufficiently large, energy is
coupled fromthe active mode into the suppressed neighboring resonance. One of the
essential tasks of this progran is to determine the response of the suppressed mode
at the instance of coupling. During the rer-rting period, the mode-controlled system
was assembled and partially tested. Clean line selection was achieved.

A second important result obtained during the reporting period is the design,
construction and testing of a sealed-off COo waveguide laser which is to vield the
required frequency stability. Capillary opening, fill pressure and gas composition
were varied to optimize the output power. For a 1.5 mm ID, 12.5 cm long BeO capillary
at 20°C we measured an output power of 1.5 W at 100 torr pressure.
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2.0 BACKGROUND

A stable master oscillator is required for application in a high resolution opti-
cal radar, currently under development at MIT's Lincoln laboratory, which employs
simultaneous measurement of both differential range and doppler to obtain three-
dimensional mapping of distant, spinning objects. In analogy to existing equivalent
microwave radar techniques, a number of different waveforms are of interest. The
ultimate choice of waveform is governed by the performance of the available laser
hardware; i.e., the master oscillator, power emplifier and local oscillator elements.

It is worth noting that Lincoln lLaboratory's radar waveform design (discussed in
the previous semi-annual report on this contract) underwent a revision in keeping
with the development of laser power amplifiers (Ref. 1). The new waveform consists
of a constant amplitude pulse of 5 (10) msec duration during which the optical fre-
quency is swept 1500 (3000) times through a 500 Miz range (see Fig. 1). Each chirp
has a duration of 3.1 usec after which the frequency is quickly returned (0.2 psec
fly-back time) to its initial value and the chirp process is repeated. The chirp is
to be linear with time within an accuracy of better than 300 kHz and initiation of
the frequency ramp is locked to a precise clock circuit to better than 1 nsec.

Several different master oscillator designs have been proposed. One such system,
for instance, employs external modulation in which the laser beam is propagated
through an electro-optical crystal driven by a frequency-swept rf-field to generate
sidebands to the optical carrier which exhibit the required frequency chirping. To
center the frequency ramp on the peak of the P(20) line, one must offset the optical
carrier frequency accordingly. There are again several proposed solutisns to this
problem. The master oscillator may, for instance, be a CO2 isotope system which
yields a transitign (and hence carrier frequency) displaced from the P(20) line of
the standard 12c100, 001 - 10°0 transition (Ref. 1). The center frequency of the
modulating signal is then chosen equal to the difference in frequency between the
tvo transitions such that one sideband falls inside the P(20) line profile.

One may also use a wide-band master oscillator operating in the P(20) line pro-
vided that appropriate mode selection is implemented such as to obtain oscillation in
a single mode (the carrier)at the desired spect.ial displacement from line center.

+

vhile external modulation has the advantage of separating the problems of nodula-
tion and stabilization, it suffers from inefficiency since only a fraction of the
incident optical power is coupled into the sideband of interest. It is for this
reason that our investigation has focused on intracavity modulation techniques since
they offer, in principle, significantly larger modulation efficiencies.
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(A linear frequency chirp canalso be obtained by varying the optical length of the
resonator with the help of an intracavity electro-optic crystal. This technique,
however, is limited to moderate bandwidths, since the chirp range cannot exceed the
intermodal frequency difference or the gain bandwidth.)

A modulation scheme which is not limited in bandwidth either by the c¢/2L valuc
or the gain profile is called coupling modulation and makes use of electro-optic
polarization switching. Here, the polarization vector is moved about a null position
by an external voltage. :'or a sinusoidal drive that motion is also sinusoidal and
the resulting optical sigral is of mixed polarization. In the dominant polarization,
we find the carrier at f aad sidebands at f + 2fm (see Fig. :!). In the orthogonal
polarization, we find two sidebands, f + fp, while the carrier is suppressed. (See
Appendix A far a discussion of coupling modulation and Appendix B for an analysis on
modulation distortion due to tolerances in the crystal alignment.) To obtain the
required chirp signal, one sweeps the modulation frequency and separates one of the
sidebands from the other. This can be achieved by appropriate frequency control
prior to application of the modulating signal. By precise adjustment of the resona-
tor spacing and simultaneous suppression of all but one axial mode, one may tune the
frequency of tne selected oscillating mode to the side of the gain profile of the
active molecular transition. When the modulation is applied, both sidebands sweep
in opposite spectral direction. This procedure in itself does not separate the two
chirped sidebands; but if the oscillator output is fed into an amplifier system, also
employing the P(20), 0001 - 1090 transition, the separation becomes effective. One
sideband is chirped symmetrically through the amplifier gain profile while the other
sweeps away from the active lirne. To be precise, one should define a degree of
separation stating the relative intensity of the sidebands after amplification.

The isolation is enhanced if tle modulation frequency is swept between two high-
frequency values, say from 100 to 6(0 Miz rather than from dc to 500 MHz.

To implement the required carrier offset, we use a wide-band oscillator, speci-
fically a waveguide laser, whose active transition is collision broadened to 1 GHz
bandwidth at 200 torr gas pressure. Carrier offset and mode selection is obtained
by using a three-mirror resonator as shown in Fig. 3.

The distance of Mp from the capillary is equal to its radius of curvature such
that the optical wave emerging from the waveguide is refocused back into the guide
where it propagates to the other opening and is collimated by the lens, reflected *v
My and focused backinto the waveguide. Provided the gain exceeds the transmission
loss and o“her resonator losses, this structure permits stable oscillation. To ob-
tain the necessary mode selection, one must lower' the optical feedback selectively;
we use a third reflective element which forms a Fabry-Perot interferometer with ML
and yields low reflectivity fcr certain narrow frequency ranges while maintaining a
high reflectivity everywhere else. The third reflective element is a L.ttrow diffrac-
tion grating which aside from forming part of the Fabry-Perot filter provides suffi-
cient discrimination against all but the P(20) transition. Figure 4 illustrates the
mode selection provided by the Fabry-Perot.
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A prime goal of our investigation is to determine the system's modulation response
for a frequency sweep in excess of c/2L; i.e., a sweep of the optical frequency from
the initial value through one neighboring suppressed axial resonance. It,
therefore, suffices to consider a system where only two axial resonances fall inside

the gain profile, as illustrated in Fig. 4. In that case, our mode selection techni-
que is adequate.

Very high-pressure waveguide lagers, however, may have more than two axial modes
inside the active spectral region (dependent on the minimum achievable resonator
length); in which case, one must resort to a different mirror arrangement as for
instance the one illustrated in Fig. 5 (Ref. 2).

To measure the modulation response, the oxtput of the waveguide laser is hetero-
dyned with a stable, fixed frequency, optical local oscillator in & wide-band photo-
detector; the resulting frequency-chirped r¢ signal is mixed with a second f¥equency-
swept signal (sampied from the drive circuit) in an rf square law detector ..nd the peat
frequency (BF) fed into a spectrum analyzer (see Fig. 6). If the modulation response
is linear, one observes a sharp sinusoidal signal at the rf mixer output. Deviations
from the ideal sinusoid indicate modulation distortion.

Implementation of a frequency sweep from dec to 500 MHz calls for a wide-band
match of the rf signal to the modulator. A simple matching circuit consists of a 500

load across the modulator electrodes at the end of a 500 line carrying the drive
signal. It is shown in the following thatc a rf-power of more than 500 W is required
to obtain 2 percent output coupling.
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3.0 EXPERIMENTAL RESULTS
3.1 Waveguide Lasers

During the reporting period, we fabricated and tested flowing and sealed-off
CO2 waveguide lasers to determine the design most suitable to our investigation.

Photographs ¢f open-cycle and sealed-off waveguide lasers are shown in Figs. 2
and 7, respectively. The use of a hollow dielectric (BeO) waveguide both to guide
the laser light and to confine a gas discharge provides an optimur match between the
optical wave and the active medium. For the COp:He:Npo laser, as with many other gas
lasers, narrowing the bore of the discharge tube results in increased gain, linewidth,
power generated per unit volume and intensity saturation parameter. These tenefits
result from favorable de-excitation by wall collisions, operation at increased pres-
sures and, in the case of the CO, system, from reduction of the gas temperature due to
improved thermal conduction to the wall, The pos3ibility of operating at high gas
przssures results from the scaling properties of the tube-confined gas discharge
plasmas. If the pressure is varied inversely as the tube diameter, the electron
energy distribution remains constant (Ref. 3). One would then expect that electron
collision excitation processes, which are dominant for this laser, would remain
qualitatively unchanged. Higher pressures, however, give increased pressure-
broadened 1inewidth and increased power generation per unit volume.

The optical beam inside a waveguide laser switches back and forth between free
space and guided propagation. The light propagates through a capillary in form of
the lowest order linearly polarized EH;; guided mode. After exiting the capillary,
the laser radiation impinges on a concave mirror and is refocused back into the
capillary. This transition between free space and guided propagation is 98 percent
efficient. Thus, due to this excellent match between the EHj; waveguide mode and
the lowest urder free space eigenmode (TEMOO), very little loss is incurred by the
repeated change from free to guided propagation and back to a free prcpagation again
(Ref. 4). It is worth noting that linearly polarized guided modes of higher order
do not have a free space counterpart with such a good match and are, therefore,
suppressed by the system. Consequentl,, the refocusing by the concave mirrors per-
forms effective mode selection by suppressing all but the desired lowest order mode.

The steady state behavior of a lov gain, homogeneously broadened laser is des-
cribed by (Rzf. 5)

2g b (+ 21-1/15)'l = o +T, (1)

where i 1is the length of the plasma column, g tne unsaturated erjonential power gain
coefficient per unit length of the active medium, I; is the one-way power flow density
inside the rescnator, Iy is the saturation parameter (i.e., the power density for
which the gain is saturated to -3 dB of the small signal value), @ is the intracavity
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loss encountered upon a round-trip transmission through the resonator and T is the
relative transmission of the output mirror. Equation (1) states that the power
saturated gain of the active medium has to compensate for the total optical loss
consisting of output coupling and resonator losses (imperfect reflection ot the
mirrors, transition from free space to guided propagation, radiation leakage into
the capillary wall, absorption in the modulator, and reflection off the modulator
faces). The output power density is given by I, = T x I;, hence

Io = % - Ig [2g4/(a + T) - 1]. (2)

It can be shown that for a given gain and loss coefficient, I, is optimized if T =
/2gla-a . From Eq. (2) then follows for the maximum output power density

I, = %I;(/2eb - /a')2. (3)

Equation (3) holds strictly for a beam of uniform intensity profiie. For this case,
the total power output is equal to I, times the cross-sectional area of the beam.

For the waveguide laser considered here, the surface area of interest is thc rapillary
cross section. The intensity of the dominant waveguide mode (EHll), however, is not
of uniform distribution but has an axially symmetric profile which in the radial
direction falls off as the lowest order Bessel function to a zero value at the wave-
guide wall. Assuming constant values of Is, g and o across the beam, we obtain the
output power by integration over the beam profile yielding

P, = o2 I (/ED - /T)°2, (4)

vwhere ¢ is the e~! radius of the intensity profile. The values for the gain and
saturation parameters vary strongly with gas temperature and pressure but are typi-
cally substantially larger than for conventional large bore slow-flow COp lasers,
such that the power output per unit length of plasma »>s similar for both types of
lasers (sece Appendix D for a detailed discussion).

The CO2 waveguide laser shown in Fig. 7 uses a water-cooled heat sink and has a
L.5 in. long active plasma length. This laser yields an output power of 1.5 W for a
fill pressure of100 torr. This preliminary laser was constructed for the purpose of
investigating laser stability and lifetime and was not designed for optimum power
output. By employing an improved cooling technique, replacing the concave relectors
with flat reflectors positioned close to the capillary and optimizing the output
mirror transmission, we expect to double the output power to approximately 3 W.

3.2 Modulation Experiments

The modulation experiments were performed with a 1 mm diameter open-cycle system
shown in Fig. 2 which used a 3:1:1 He:Np:COp mixture. For the 1 mm ID flowing system,
optimum gas mixtures and discharge currents were determined for gas pressures ranging
from 50 to 200 torr. It was found that a 3:1:1, He:Np:COp ratio is close to an optimum
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mirture through this entire pressure range. The dependence of output power on disa-
chirge current is very flat at all pressure values between 50 and 200 torr. Whil-z
higher currents provide a larger excitation rate into the upper laser level, 00°1,
they also cause increased gas heating which enhances the population of the lower
laser level, 10°0, due to an increased bottleneck at the OllO to 009 terminating
transition. The compromise between these two conflicting processes determines the
optimum discharge current, which rises from a value of approximately 2 mA at 50 torr
to a value of 5 mA at 200 torr for the 1 mm ID 10 cm long BeO plasma tube. The total
flow rate was varied from 10 cm3/sec (standard pressure) at 50 torr to 40 cm3/sec at

200 torr pressure. To remove the discharge heat the BeO tube was clamped to a water-
cooled copper block.

Using a maximum reflection mirror of 25 cm radius of curvature and a 20 em
radius of curvature mirror with 5 percent transmission, it was found that the maximum
output power was achieved if the center of curvature of each mirror was located
about 1 cm inside the capillary. Under this condition we obtained an output power of
750 miW at 100 torr average pressure. When the modulating element was inserted into
the remnator, a 50 percent power drop was observed

To restrict the laser oscillation to the P(20) line, we replaced tte 25 cm
mirror by a positive CdTe lens followed by a diffraction grating employed in Littrow
alignment (Fig. 3). The lens was positioned approximately at the focal distance
from the capillary opening such that the laser beam left the lens collimated and,
after retro-reflection from the blazed grating, was refocused into the capillary.
The laser output was monitored with an Optical Engineering Laser Spectrum Analyzer;
stable P(20) oscillation was observed.

3.3 Modulator Design

An additional advantage of the waveguide design is the small beam diameter in

the vicinity of the capillary opening, permitting the use of modulator elements with
small cross section.

The change in optical length of the modulator element is given by

I-‘o &=L 0 i 5 (5)
Va/e

vhere V is the applied peak voltage and Vk o is the voltage required to obtain a
phase shift of one-half wavelength defined by the expression (Ref. 6)

v = M 6
}\/2 2(no)3rul£ > ( )

1k

e N
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where A is the optical wavelength; n and r)y) are the index of refraction and the
relevant electro-optic constant, respectively, for CdTe, cut and oriented for maximum
AM-modulation; h the height of the crystal in the direction of the applied field;
and £ the length of the modulator crystal. For the modulation band considered here,
dc - 500 Miz, efficient coupling of the rf power to the capacitive modulator element
is best obtained by connecting a shun: resistance R in parallel to the electrodes of
the modulator such that the total impedance is approximately equal to R.

From Eq. (A5), Appendix A, follows that the instantaneous power in the coupled,
cross polarized, sidebands is P = T Pj sin? I'; where 1 is the coupling efficiency,
givven by the relative reflection off the Brewster pPlate; Pj the internal one-way
power; and I' = Ty sin w.t. Note, that a double pass through the modulator is teken
into consideration. For I' << 1 we obtain the averrs s output power of

P, = M.p &f{Leml\?
out I i® (Vx/e ) (7)

Sclving for the peak rf voltage we get

v o= (...mﬁ )%-M : (8)

T\Pi m

which requires an average rf-power of

Be = L¥ . Tow (Va2 (9)
SN | TR \ «

Substituting the values T = J.5; Py = 5 W; Vaj2 = 2.7 WV (Ref. 7) (for 4 =
0.2 cm and £ = 4,0 em); and R = 500, we get

(2.7 % x 106

) = Tx o - Tout * GENO5, (20)

Pre = Pout °

Thus, to obtain Bl ™ 0.1 W we require an rf power of 580 W. The presently employed
modulator crystal is 0.3 cm wide. It was found during the experiment, however, that
a crystal width of 0.2 cm does not lead to any noticeable beam vignetting; consequent-
ly, it is possible to use such a narrow modulator. While there is no rrinciple prob-
lem in attaining a 5C0 W amplifier for the bandwidth of interest s the purchase of

such a costly, specially designed, device is not irithin the means of this contract
and not necessary in order to prove the viability of the here investigated modulation
formet. Presently, we employ a 2 Miz - 500 Miz broadband amplifier yielding 1/3 W
into a 500 matched load. High-power maiulation would belong to a future phase of

this development.
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3.4 Fixed Frequency Modulation

The firz. test of the modulated waveguide laser was conducted at a fixed fre-
quency of 2 MHz. Figure 8 shows tne demodulated signel in time and spectral display.
The photographs on the left side represent the ideal case in which the demodulated
signal consists of a sinus function at frequency 2fy {the beat note between the two
sidebands), indicating complete suppression of the carrier frequency. The photographs
on the right side show a case in which, aside from the sidebanis, part of the carrier
is coupled from the resonator such that the demodulated signal contains spectral
components at fp, as well as 2fy. The fy-ccmponent results from mixing of the side-
bands with the "leaked" carrier component, while the 2fp-component is the beat 1ote
between the two sidebands. Note that the time display in the second case also
shows the presence of the f-component in that every second maximum is enhanced.

The second condition is undesirable since it compromises the isolation of the
selected sideband. Carrier leakage is caused: (1) by a misalignment of modulator
crystal and Brewster window; and (2) by stress birefringence inside the modulator or
the Brewster plates of the plasma tube. While alignment between the modula.or (001)
axis and the plane of incidence for the Brews'cr plates can be accurately controlled,
the effect of stress birefringence is more difficult to overcome. Carrier suppres-
sion was obtained by mirror adjustment, which suggests that the position of the opti-
cal axis was varied unuil a beam path was found which minimized the depolarization.

3.5 Chirp Modulation

Employing the aopove described laser, we obtained a frequency-chirped optical
signal by applying the output of a H-P 8690 Sweep Oscillator, after amplification, to
the electrodes of the CdTe modulator. The sweep range was varied up to the full
band of 2 MHz to 500 Mz and the coupled optical signal was demodulated by a Ge:Hg
photoconductor. The base-band signal, after appropriate amplification, was displayed
on a HP 8155 Spectrum Analyzer. Figure 9 shows the demodulated signal for a 2 to 100
MHz sweep.

In order to obtain a dense display of the spectrum on the oscillograph screen,
the sweep speed was reduced to a low value (1 sec full range) dictated by the sam-
pling speed of the analyzer. The demodulated output signal shows variation in ampli-
tude which repeats itself on subsazquent spatial displays taken during the experiment.

U present, the cause for this fluctuation is not well understood; indications are
that it relates to a variation in the load impedance with frequency. When the sweep
range was increased to 2-500 MHz, the fluctuations in the spectrum increased even
more. Above 250 MHz, a fraction of the drive voltage at fj, was picked up by the
detector circuit. For the large sweep range it became =pparent that the load imped-
ance exhibited large variation with frequency because the simple circuit described
above is significantly modified by stray capacitances and inductances of the device.
It was found; for instance, that at 4OO Miz the signal was almost totally reflected
from the load; simultaneously, a strong pick-up signal was observed as might be ex-
pected since the reflected signal interferes with the incident one to form a large
standin: wave.

16
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It is useful to recall the essential feature of our matchinz technique; namely,
the use of a resistive element parallel to the electrode surfaces of the modulatar.
The total circuit then assumes the form shown in Fig. lOawhere the dominant elements
are the modulator capacitance C and the shunt resistance R. Stray capacitances and
i.ductances are present due to the wires connecting the electrode surfaces with the
50Q cable. Th< input impedance Z4y given by the expression

. R s 8 Lix
“n T WET ARz B

wher: X = w(L - 1/C). If R is sufficieitly small compared to X, Zyn, ® R. As the
frequency increases beyond a critical value, X becomes larger than R and the reflec-
tivity varies with w. For the work reported here, the value of R was chosen to
equa.! 500 to obJain a good match to the power amplifier impedance. The experiment,
however, showed that in order to dominat the impedance up to values of 500 MHz, R
must be considerably sasller than 50Q.

An impedance step-down could b2 accol plished by a commercially available rf
transformer bui at the cost of reducing the plate voltage with the impedance. To
obtain an impedance step-down while simulteneously retaining the rf supply vcllage
across the modulator, an active matching circuit must be employed. For the impedance
values of interest, it ‘s convenient to use a power rf-transistor in common-collector
mode of operation (also called an emitter follower) which is equivalent to the
femiliar cathode follower tube circuit (see Fig. 10Y. An emitter follower matching
circuit with a step-down of 4:1 is presently under construction at UARL. Tt should
be adequate to provide a flat impedance from 2 Miz to 500 Miz. Furthermore, to mini-
mize stray capacitance and inductance, the modulator will be mounted in close
proximity to the transmitter as shown in Fig. 11 where the CdTe crystal is placed
directly on the FC board carrying the transistor and the resistive shunt.

3.6 Modulation Response at c/2L

As stated previously, one of the main goals of this program is to investigate
the modulation response of the system in the presence of mode selection., It should
be recalled that mode selection is necessary to assure the preser~: of only one
carrier frequency. Since the signal sidebands sweep through a range exceeding inter-
mode spacing, one must be concerned with the response of the system as the sideband
of interest sweeps through suppressed cavity rescnances. Although prevented from
self-oscillation by the mode selection, it is nevertneless possible that at the
moment of synchronism betweeen the modulating, fm, (or its harmonic 2fy) and the
intermodal frequency, c/2L, sufficient power is coupled into the suppressed resonance
to initiate a damped oscillation at that mode. The spurious oscillation of such
unwanted modes is then also modulated, creating & second set of chirped sidebands
about the carrier frequency fo + c/2L, which after demodulation, add to the main
chirped signals but with different phase and with temporally decaying amplitude. The
result would be a distortion of the main chirp signal.
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An illvwstration of resonant behavior is shown in Fig. 12 which was obtained with
the above system (no mode selection present) when the modulation frequency fy, was
slowly tuned into synchronism with c/2L. The pulses shown in Fig. 12 result from a
coherent summation of demodulated signals at the frequencies c¢/2L, 2¢/2L, 3c/2L,
etc.; 1.e., the resonant modulation forced oscillation of several optical modes with
fixed phase relations among them such that the sum of their difference frrequencies
add up coherently to yield the displayed pulses; in short, the system was mode
locked. Viewing the demodulated signal on a spectrum analyzer screen, a concomitant
enhancement of the demodulated signal at c/2L wes observed. Two questions arise:
(1) will there be such resonani. behavior in the presence of mode selection; and (2)
does the resonance response change for very fast frequency sweeps when the time
pericd during ~:ich che drive signal is inside the locking range is shorter than the
cavity round-trip time. These problems will be addressed by the experiments planned
for the next reporting period.




T —

FIG. 12

MODcLOCKED SIGNAL

UPPER TRACE: 114 MHz MODULATION SIGNAL

LOWER TRACE: DEMODULATED OPTICAL SIGNAL
(WIDTH BETWEEN HALF—-POWER POINTS OF PULSES IS 2.8 nsec)

—_—
10 nsec
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4.0 DISCUSSION AND FUTURE PIANS

During this reporting period linear FM-modulation was obtained for a COo wave-
guide laser by employing coupling modulation and sweeping the modulator frequency in
linear fashion. This represents an importunt step towards the contract goal to ob-
tain fast chirp modulation, such that the instantaneous frequency starts frou a
spectral position in the wing of the P(20) gain profile and sweeps over a range which
exceeds one axial mode spacing c/2L.

The original waveguide laser s modified by replacing one mirror with a Fabry-
Perot system comprised of a Littrow diffraction grating and & semitransparent mirror
such as to selectively reduce the optical reflectivity for all but the P(20) luiue
and within that line for certain narrow spectral ranges. In our experiment we
selec* gain bandwidth and axial mode spacing and position such that two modes of the
large cavity fall within the line. They are placed symmetrically about line center
and one mode is suppressed by adjusting the spacing of the auxiliary Fabry-Perot
such that one of its reflection minima coinci.es with that mode (see Fig. 4).

Modification of the waveguide laser to accomplish the above mode control has
been completed and testing of the new system is under way. The next step involves
an experimental setup as shown in Fig. 6, where the chirp signal is first hetero-
dyned with an optical local oscillator, the demodulated chirp signal is then mixed with
a split-off portion of the driving rf-signal and the beat frequency, BF, is observed
with a spectrum analyzer.

For the ideal signal, the spectrum analyzer displays a single constant frequency.
Carrier fluctuation and modulation distortion (for instance, due to resonant response
at the c/2L modulation frequency) will be reflected by a widening of the beat fre-
quency.

In order to obtain constant rf-coupling into the modulator device over the full
500 MHz chirp range, we designed an active matching circuit consisting of an emitter
follower to transform the 50{1 source impedance to a 12.5Q shunt resistor connected
across the modulator electrodes.

A second task performed during the reporting period is the design, manufacture,
and testing of a sealed-off COo waveguide laser (important to the program for the
frequency stability achievable with sealed-off lasers). Bore diameter, fill pressure
and gas composition were viried to optimize the performsnce of the device. A meximum
output of 1.5 W was achieved for a 1.5 mm ID, 12.5 cm long BeO plasma tube at 20°C
filled to 100 torr gas pressure with a mixture of He:Np:COo:Xe:Ho in the ratio of
4:1:1:0.13:0.1.




5.0 REFERENCES

T. Gilmartin, Lincoln Laboratary: private communication.

P. W. Smith: "On the Stabilization of a High-Power Single-Frequency Laser," IEEE
J. Quan. Elec. QE-2, 666 (1966).

D. D. Cobine: "Gaseous Conductors," Dover, New York (1958).

R. C. Abrams and A. N. Chester: Opt. Soc. af America Spring Meeting, Denver,
Tolorado (March 1973).

J. E. Geusic, et. al.: "ContinuousO0.532y Solid-State Source Using BaeNa.N'b5015,"
Appl. Phys. Lett. 12, 306 (1968).

I. P. Kaminow and E. H. Turner: Proc. of the IEEE 54, 1374 (1966).

D. E. Kiefer, et. al.: "Intracavity CdTe Modulators for COp Lasers," IEEE J.
Quan. Elec. QE-8, 173 (1972).




M921512-5

APPENDIX A
AM TECHNIQUES

Amplitude modulation is employed to generate sidebands which are then chirped by
sweeping the modulating frequency. To obtain the required chirped signal, one side-
band must be isolated from the optical signal. AM modulation can be obtained either
by intracavity or external AM modulation. Electro-optical amplitude modulation
generally operates on the principle of modulating the state of polarization of the
optical wave such that part of the optical power is coupled from the dominant polari-
zation to the orthogonal one. Both are then amplitude modulated. External modula-
tion suffers from inefficiency since the sideband of interest contains only a small
fraction of the incident light whereas most of the optical power is lost. By placing
the modulator inside the resonator, one can retain the dominant polarization compo-
nent inside the resonator while coupling only the orthogonal component from the
cavity (coupling modulation). The figure below shows the index ellipse associated
with the electro-optic effect employed in the case discussed here (Ref. 6). The
incident field, polarized parallel to ')

cen be expressed in components of the principal vectors &, and EB

E 1//7 B, ei(lr-ust) (AL)

o

Eg = 1//Z E, el(lw-ugt), (a2)

Upon propagation through the crystal, one principal component exhibits a phase lag,
the other & phase advance of equal value;

Eq, 1//Z B, el(lr-ugt+l) (A3)

By = L2 B, el(lw-ust-3T), (Ak)

Expressing the fields now again in the original coordinate system.(E”, Eﬁ) we find
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=1
L}

]

1//2° (Ey - Eg) i Eg sin iT el (kr-ugt) (A5)

1//2° (E, + Eg)

n
1}

E, E, cos iT el (kr-uyt) (A6)
Suppressing the common spatial term and substituting I' = Iy cos ut, we get

e, = (L - fg Fg) cos wyt - ;é fg fcos (wy + 2wp)t + cos (wy - 2y,)tl, (A7)

(4]
!

) = 3T {sin (ug - ap)t - sin (wy + ay)tl. (A8)

Similarly, if {the modulating signal is augmented by a bias voltage, such that
'=vy + Iy cos wyt, we obtain for the two principel polerization components

1 1 il
e = (1 -gv2-2-To) cos upt - g Y To {cos (0, + um)t + cos (wy - wy)t)
S ;é Fg feos (wg + 2uy)5 + cos (wy - 2uwy)tl, (A9)
e = 3y sin wgt + L Ty {sin (wy, + wp)t + sin (wy - wy)t}. (ALO)

A comparison of the two cases shows that the biased system yields carrier and
second order sidebands in the dominant volarization and first order sidebands-
suppressed carrier in une orthogonal polarization. For the biasec modulator, both
polarizations contain carrier and first order sidebands, while the dominant polariza-
tion also possesses second order sidebands.

The increase in modulation efficiency relates to the fact that the optical power
inside the laser resonator is larger than the external power by a factor F, equal to
the finesse of the cavity, which for the "empty" resonator, is of the order of 100 if
neither end mirror is used to couple out power. With the insertion of the modulator,
however, the finesse is reduced to F =~ 10.

The advantage of extracavity modulation is that ultrastable operation has been
achieved by purely passive means; i.e., control of power supply ripple and reduction
of mechanical vibration and drift. Insertion of a modulator into the optical cavity
leads to frequency drift due to heating of the electro-optic crystal and a concomitant
change in its optical length. A second source of instability relates to distortion of
the AM signal (FMing) brought on by misalignment of the electro-optic geometry.

While the thermal drift may be reduced by operating the modulator at constant rf
input power and in cw fashion, the FMing can be eliminated by accurate electro-optic
alignment; the question remains whether fluctuation of the crystal temperature and
FMing can be sufficiently repressed to obtain the desired carrier stability.

Another problem associated with coupling modulation relates to the existence of

exial resonances spaced at the intermodal frequency c/2L. While the bandwidth of
coupling modulation is not limited by the gain profile, or the intermodal frequency,

27




M921512-5

an anomalous response can generally b2 expected at the moment in which the modulator
frequency, fy, is in synchronism with the intermodal frequency c/2L. In fact, if the
modulation frequency is slowly tuned into synchronism with the intermodal frequency,
mode locking takes place, which distorts the sinusoidal AM signal into & series of
sharp repetitive pulses spaced at 2L/c. There are two questions to be answered: (1)
will there be such resonant behavior if all but one axial mode are strongl' suppressed
by eppropriate mode selection .nd (2) does the resonance respnnse change ior fast
frequency sweeps where the time period during which the drive signal is inside the
locking range is shorter than the cavity round-trip tiie.

Finally, it should be noted that bothh AM techniques require that the chosen
sideband be isolated from the total optical signal. This can be accomplished; for
instance, by placing the carrier on a different molecular transition, such as & line
from another CO, isotope, at a spectral distance of fg from the coiventional P(20)
line. The center frequency of the frequency-chirped modulation signal is then chosen
to equal fy such that one AM sideband sweeps about the P(20) center frequency as
desired. This, in effect, separates the selected sideband from the total optical
signal in that only that sideband fal.s inside the gain profile of the radar trans-
mitter's laser amplifiers at P(20).

Carrier off-set from P(20) line center may also be obtained if a wide-band laser,
such as a waveguide system at P(20), is used and one active resonance is sinzled out

by mode selection and tuned to the side of th: gein profile. The main attractive
feature of AM moduletion external or internal, then, is tne potential to obtain
several gigahertz of bandwidth, since (for the case or carrier off-set via the use of
isotope trarsitions), the bandwidth is limited only by the performance of the rf
sweep generator and amplifier and the response of the modulator device.
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APPENDIX B
TOILERANCE OF E-O ALIGNMENT

By electro-optical (E-0) alignment we mean the relative orientation of crystal
axes, applied field, optical propegation directior and optical polarization. A
sketch indicating the nominal alignment of our modulator is shown below. The beam

propagates along the (110) direction and the applied electric field is along (13e) .
The electro-optic effect is represented by thg index ellipse shown in the shaded

plane. Note that the principal axes, a, and &g, bisect the (001) and (110) lines.
If the opticael polarization of a beam of unit field strength is along the (o01) or
'110) direction, the incident field has equal components along the principal axes.

Let us assume that the polarization is parallel to the (001l) direction. The
beam emerging from the crystal consists then of the two principal components ;

EQ’ l//e_‘ ei(kr-wot'i'%‘l—) (Bl)

By = 1//7 eillr-uge-3T) (B2)

where k is the wave vector component along the propagation direction, r the coor-
dinate along the propegation direction, ¢ '2m the optical frequency, and % %F the
phase advance and retardation, respectively, of the principal field components aad

I = 2n/h < 2 - ng ry) Eg cos wt, (B3)




MI21512-5

where L is the crystal length, A the optical wavelength, n, the intrinsic index of
refraction of the crystal, r); the relevant electro-optic coefficient, Eo the peak
voltage of the applied fieid, and wm/2n the modulation frequency. The field may be
expressed in components parallel and orthogonal to the incident polarization direc-
tion,

E, = cos il el (kr-wot) (BL)
E, = 1isin AT eilkr-ugt), (B5)

Note that both field components are purely amplitude modulated; no FM-distortion is
present. The actual geometry in practical devices deviates slightly from the nominal
one, owing to the tolerance in crystal orientation and optical and mechanical align-
ment .,

We now consider the case where the (00l) alignment is off in elevation by v
and in azimuth by 6, both very small angles. Defining cartesian. coordinates x,y,z
parallel to the crystal axes (001), (010) and (00l), respectively, one can express
the electro-optic effect for the CdTe crystal via a quadratic form defining the
indicatrix,

(x2 + y2 + 22) gg +2ry) (y+ 2+ B +x+ 2 Ey +x -y - Ez) = 1, (B6)

where Ey = E cos (450+6) cos v, E; = E sin (459+8) sin vy and E, = E sin v. Since
§,Y << 1, one can aprroximate

Ex = By = 1//2°E, E; = E. (B7)

To obtain the desired index ellipse, we insert Eq. (B7) into (B6) and rotate the
coordinates by 45 deg about the z-axis into the cocrdinate system x',y',z', such that
the new x'-axis is parallel to the optical beam. By setting x' = O, we get the
following approximated evpression for the index ellipse:

(2% + ma V) + (22 p 2y ¥'2'E = 1. (88)
O

We note that the misalignment rendered the indicatrix unsymmetric in the coordinates.
Upon dingonalization we find for the principal indices

no +3nd vy (1- &) E (B9)

no - £ nd ryy (1 + 4y) E (B10)

Ny

ng

It can be shown that Eqs. (B4) and (B5) now assume the form
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E, = cos 5T . e71¢ el (kr-uet) (B11)
E, = isinil. e-ie ei(kr-wot) (BL2)

where
e = lov(cos wyt + @), (B13)

wm/2n is the frequency of the applied field, and u, an arbitrary epoch angle.

Suppressing the spatial phase term eikr, we obtain from Eq. (Bl2) the real field
component of the coupled beam:

ﬁL = sin [4To cos (wmt + om)] * sin [wet + €5 cos (wyt +op) ], (B1L4)
which shows the familiar form of frequency modulation as well as the desired ampli-
tude modulation. Without loss of generality, we may set @, = n/2. Teking into con-
sideration that Fo << 1 and that the beam makes a double pass through the crystal, we
can develop Eq. (Bl4) into the form

EL = To sin wyt {Jo(Re0) sin wot + J1(2e,) [sin (wy + wp)t - sin (wy - wy)t]
+ Jo(2en) [sin (wo + 2wp)t - sin (wo - 2wy)t] + ...%. (B15)

For €5 << 1, the Bessel terms are approximated by Jo(2€0) =1, J1(2ey) = €o,
Jo(2¢q) = €5, etc.

Crystal orientation is usually accurate withinl.0deg (v=1.75 10-2 rad). For the
velue Ty = 0.28 (corresponding t 2 percent output coupling) we find €, = 1.2 x =35
a very small FM distortion indeed.

Next, let us consider an optical misalignment where the incident polarization
differs by a small angle from the nominal orientation; i.e., the incident field
vector forms an angle 45° + B wiih the major indicatrix exis, such that the separa-
tion into principle components is unsymmetric;

E, = /2 (1 -8), (BL6)
Eg = 1M2' (1 +8), (BL7)
and the emerging field components parallel and orthogonal to the incident polariza-
tion are:
E, = [cos 3 - i B sin 4] el(lw-ugt) (R18)
B, = [1 sin iT - B cos i) el(lr-uot), (BL9)
3 a
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Substituting I = Iy cos Wnt, [, << 1,and suppressing tne spatial phase term, we obtain
for the coupled component the approximate expression

By = 4T, fsin (uy - wp)t - sin (wg + wg)t]

- B(1 - '.'L_l6- 1"(2)) cos wst + B .33;2 T'g {cos (wo + 2wp)t + cos (0o - 2wp)t}, (B20)

which contains aside from the desired sidebands at w, + wy, a fraction of the carrier
component and sidebands at Wo * 2wy,

In summary then, misalignment of the crystal axes relative to the electric field
results in FM-distortion whereas a deviation from the correct polarization angle causes
leakage of carrier and second order sideband components into the coupled beam. Both
modulation distortions, however, are very small for the cases of interest.
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APPENDIX C
MODUIATOR HEATING

Heating of the CdTe modulator crystal results (a) from absorption of the optical
beam; and (b) from ohmic losses of the rf-signal. Accurate measurements on the
optical absorption of the CdTe material yielded an absorption coefficient of
less than 0.2 percent per centimeter. Since the crystal is 4 cm long and
the assumed one-way optical power inside the resonator is 5 W, the absorbed power is
0.08 W. rf-heating can be estimated from the applied modulator voltage and the
equivalent resistance characterizing the ohmic loss,

fl+fB

i df

P o

*T,loss onfp £ C tan 6(f)
1

where f is the instantaneous frequeacy, fj the lower boundary and fj + fy the upper
boundary of the chirp, C the modulator capacitence and & the loss coefficient. The
integral can be roughly approximated by inserting the midband value for frequency
and loss, T = 2.5 108, § = 10~3 (Ref. 1), C = 15 pF, and Vpeax = 235 V (Section 2.0),
We obtain Prf,loss ~ 0,6W; i.e., for the maximum rf power, ohmic heating far exceeds
optical heating of the modulator crystal. In order to keep the crystal at a rela-
tively low temperature, which is desirable because of a reduction in the breakdown
field strength with increasing Eemperature, efficient cooling is required.
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APPENDIX D
POWER CONSIDERATIONS
The steady state behavior or a low gain COp laser is described by

2gt (1 + 2p;/Pg)"t = o + T, (D1)

where £ is the length of the plasma column; g the unsaturated exponential power gain
coefficient per unit length of the active medium; P4 the intracavity power “low in one
direction; Pg the saturation power; o the intracavity loss encountered upon & round-
trip transmission through the resonator and T the relatlve transmission of vhe output
mivror. Equation (D1) states that the power-saturated gain of the active me lium has
to compensate for the total optical loss consisting of output coupling and resonator
losses (imperfect reflection at the mirrors, transition from free space to guided
propagation, radiation leakage into the capillary wall, absorption in the modulator,
and reflection off the modulator faces). The output power is given by Py = T x P4,
hence

Po = T . 3P [2g4/(a + T) - 1. (p2)

Two different waveguide lasers now in operation at UARL, one open-cycle and one
sealed-off, shall be considered.

The open-cycle system employs a BeQ tube, approximately 10 cm long, with a 1.0 mm
ID bore. CO2, No and He are mixed in the ratio 1:1:3 and flow through the plasma
vessel into a mechanical vecuum pump. The mai:. pressure drop occurs at the enirance
ani. exit of the capillary while the pressure inside the capillary is nearly constant,
assuming a velue midway between the pressure values uneasured at the gas-intake and
gas-exhaust ports. As the flow is increased from 10 to 35 std cm3/sec, the concomitant
capillary pressure rises from 4O to 150 torr. Since the capillary volume is 0.08 cm3,
a flow of 10 std cm3/sec yields a 250 times/sec replacement of the active gas. The
laser was operated with a HR concave mirror of 25 cm radius of curvature and a T = 7.6%,
concave mirror with a radius of curvature of 20 cm yielding a maximum output power of
750 mi¥ at 100 torr gas pressure and 20 deg tube temperature. Inserting the vaiue
2gl = 042 (measured), o = 0.08 (estimated guiding and mirror losses per round trip)
and T = 0076 (measured), we calculate from Eq. (D2) an integrated saturation power of
P, =12.0 W. The saturation intensity is Ig = Ps/ncz, where o is the e-l intensity
radius of the gaussian beam which best matches the EHjj; waveguide mode. This gives a
value of c/a = 0.455, Since a = 1 mm, we find for the saturation intensity Ig = 7.4

kW /cnP .

The second waveguide system, a sealed-off unit, uses a waveguide of 1.5 mm ID and
5 in. length. This systen was filled with a gas mixture of He, N2, COp, Xe and H2 in
the ratio L4:1:1:0.13:0.1 to a total pressure of 100 torr ylelding a meximum power of
1.5 W at 20 deg tube temperature.
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The power per unit volume of plasma column is 9.6 W/cm? for the open cycle and
6.8 W/em3 for the sealed-off system. Using the estimated value g = 0.01/cm, o = 0.0k4
together with ¢ = 12,5 cm, T = 0,05 and scaling the integrated saturation pover with
the capillary cross section, we calculate from Eq. (D2) an output power of 1.2 W for
the scaled-off system which represents a reasonable agreement with the measured out-
put in view of the uncertainty in the parameter values.
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